Background and Purpose: The aim of this study was to investigate the efficacy of thrombus density on noninvasive computed tomography (CT) neuroimaging for predicting thrombus pathology and patient outcome after mechanical thrombectomy in acute ischemic stroke. Materials and Methods: This retrospective chart and imaging review included patients that were treated by mechanical thrombectomy at Siriraj Hospital according to the American Heart Association/American Stroke Association guidelines for the early management of patients with acute ischemic stroke from March 2010 to February 2015 study period. Preintervention noncontrast CT (NCCT), CT angiography (CTA), and/or contrast-enhanced CT (CECT) images were interpreted using CT densitometry. Pathology results were classified as white, red, or mixed thrombi. The result of treatment was evaluated by the modified Rankin Scale at 90 days after treatment. Results: From 97 included patients -97 NCCT images, 48 CTA images, 48 CECT images, and 54 pathologic results of cerebral thrombi were included in the final analysis. Mean clot Hounsfield unit values on NCCT, CTA, and CECT were significantly different between red and white thrombus (P = 0.001 on NCCT, P = 0.03 on CTA, and P = 0.001 on CECT), and between red and mixed thrombus (P = 0.043 on NCCT and P = 0.002 on CTA). However, no significant difference was observed between white thrombus and mixed thrombus (P = 0.09 on NCCT, P = 1.00 on CTA, and P = 0.054 on CECT). There was no significant correlation between type of cerebral thrombus or clot density and the result of treatment. Conclusion: Thrombus density on CT was found to be a significant predictor of thrombus pathology; however, no significant association was observed between thrombus type or clot density and patient outcome after mechanical thrombectomy.
Introduction
The American Heart Association/American Stroke Association (AHA/ASA) guidelines for early management of acute ischemic stroke recommend intra-arterial therapy combined with intravenous recombinant tissue plasminogen activator (rt-PA) in patients with no contraindications that arrive at the hospital within 3-4.5 h after suffering a stroke. Computed tomography (CT) imaging is routinely performed to guide treatment in patients with acute ischemic stroke. Mechanical thrombectomy should be considered as an alternative treatment in patients with large vessel occlusion that have one or more contraindications for rt-PA. [1] However, the cost and risks associated with mechanical thrombectomy are very high. Therefore, criteria are needed that help to identify the most appropriate reperfusion strategy on a case-by-case basis in this patient population.
Previous study reported a correlation between thrombus density on preintervention noncontrast CT (NCCT) and postintervention outcome after mechanical treatment, with thrombi with a lower number of Hounsfield units (HUs) being found to be more resistant to mechanical thrombectomy. [2] In contrast, two other studies reported no association between thrombus density and treatment outcome. [3, 4] Accordingly, the aim of this study was to investigate the efficacy of thrombus density on noninvasive CT neuroimaging for predicting thrombus pathology [5] [6] [7] [8] and patient outcome after mechanical thrombectomy in acute ischemic stroke.
Materials and Methods

Patient
This retrospective chart and imaging review included patients that were treated by mechanical thrombectomy at our hospital according to AHA/ASA guidelines for the early management of patients with acute ischemic stroke from March 2010 to February 2015 study period. Our hospital is Thailand's largest national tertiary referral center. The protocol for this study was approved by the Hospital Institutional Review Board (COA No. Si 093/2017).
Preintervention NCCT, CT angiography (CTA), and contrast-enhanced CT (CECT) images were interpreted using CT densitometry. Mechanical thrombectomy is a preferred treatment modality for patients with acute ischemic stroke who do not qualify for intravenous rt-PA, who do not improve after treatment with intravenous rt-PA, [9] or who have an acute severe stroke with large vessel occlusion. Candidacy for mechanical thrombectomy is determined by CT imaging; National Institutes of Health Stroke Scale score; and time of onset within 8 h in cases of anterior circulation large vessel occlusion and up to 12 h in cases of posterior circulation large vessel occlusion stroke. Functional outcome was assessed by modified Rankin scale (mRS) at 90-days after thrombectomy. mRS grading was, as follows: 0-2 = good clinical outcome, 3-4 = moderate clinical outcome, and >4 = poor clinical outcome.
Imaging protocol
All included patients underwent 1.25 mm (GE Discovery; GE Healthcare, Little Chalfont, UK) or 1.50 mm (GE Light Speed VCT; GE Healthcare) axial NCCT; scan CECT; and/or, CTA (acquired at 0.625 mm and reformatted to 1.25 mm). Patients receive at least one of the three imaging studies.
Computed tomography image analysis
Authors retrospectively reviewed the CT images and measured the HU values for the presence of large vessel thrombus. A region of interest was drawn within the thrombus on NCCT, CECT, and CTA studies to obtain the HU value [ Figures 1 and 2] . With an aim to measure and localize the entire thrombus, we compared imaging findings among NCCT, CECT, and CTA studies. Any region that included vessel wall calcification was excluded (HU value >100 on NCCT image).
Histopathologic examination of thrombi
After mechanical thrombectomy was performed, recovered thrombi were fixed in formalin and sent to the pathology department. Routine staining was performed. Sections stained with hematoxylin and eosin were evaluated by a pathologist who was blinded to the patient's clinical status. The thrombi were then classified into white, mixed, or red categories according to their fibrin and erythrocyte content. [7] Thrombi in which the difference of estimated proportion of erythrocytes and fibrin lesser or more than 20% were classified as red thrombi or white thrombi in order. Thrombi not meeting either of these two criteria were classified as mixed thrombi [ Figure 3 ].
Statistical analysis
Data were analyzed using SPSS Statistics version 21.0 (SPSS, Inc., Chicago, IL, USA). CT studies, pathologic results, and clinical outcomes were analyzed using descriptive statistics to characterize the type of thrombus, thrombus measurements, and clinical outcomes. Kruskal-Wallis test was used to differentiate the type of cerebral thrombus among the three types using median and 25 th and 75 th percentile of HU measurement on NCCT, CTA, and CECT [ Table 1 ]. One-way ANOVA was used to determine significant association between mean HU value on NCCT, CTA, and CECT and clinical outcome [ Table 2 ]. Fisher's exact test was used to identify a significant association between type of cerebral thrombus and clinical outcome [ Table 2 ]. A P < 0.05 was regarded as being statistically significant.
Results
From 97 included patients -97 NCCT images, 48 CTA images, 48 CECT images, and 54 pathologic results of cerebral thrombi were included in the final analysis. Using HU value data, we were able to significantly differentiate white cerebral thrombus from red cerebral thrombus on NCCT, CTA, and CECT (P = 0.001, P < 0.005, and P = 0.001, respectively). Moreover, mixed cerebral thrombus could be differentiated from red cerebral thrombus on NCCT and CTA images (P < 0.05 and P < 0.05, respectively). However, this method was not able to differentiate mixed cerebral thrombus from red cerebral thrombus on CECT image, nor between white cerebral thrombus and mixed cerebral thrombus on NCCT, CTA, or CECT. The median (range) HU value for each type of cerebral thrombus is shown in Figure 4 . The cut point to yield higher sensitivity and specificity for detection of red thrombus on NCCT image is approximately 70 HU (sensitivity 100%, specificity 96%). Similarly, the cut point to yield higher sensitivity and specificity for detection of red thrombus on CTA and CECT is 71.5 (sensitivity 100% and specificity 95%) and 70.5 (sensitivity 100% and specificity 95%), respectively. Good outcome (mRS 0-2) occured in 45% of our patient's population. However, no significant correlation was observed between type of cerebral thrombus or clot density and the result of treatment.
Discussion
The Presence of thrombus in acute ischemic stroke patients can be observed through the hyperdense artery sign on NCCT scan and through blooming artifact on susceptibility-weighted image or gradient-related echo magnetic resonance image sequences of the brain. However, thin-section CT-based thrombus imaging study can provide more precise information about thrombus characteristics using density measurement. CTA of the brain has higher sensitivity than NCCT for detecting a filling defect in a vessel that is caused by true arterial thrombosis. [9] The density of nonoccluded blood vessels is in the range of 40-43 HU (mean 41.3) whereas occlusive thrombus has a density that ranges from 47 to 61 HU (mean 54.0). [8] Previous studies recommended using NCCT and CTA brain to determine thrombus density. Thrombus type can be categorized as red (red blood cell [RBC] fibrin-rich), white (platelet fibrin-rich), or mixed according to the density observed on CT scan and/or from histopathology. [10, 11] This character of thrombus is also predicted that the etiology, for example:-cardioembolism and atherosclerosis, of red and white thrombi may differ. [12, 13] With thin slide CT and awareness of possible residual flow within the clot on baseline CTA and clot permeability mentioned earlier as factors making error in measurement of thrombus density, [14] [15] [16] [17] this study demonstrated that red thrombus could be differentiated from white and mixed thrombus using CT densitometry and HU values. Red thrombi had significantly higher HU than both white and mixed thrombi, and mixed thrombi tended to have higher HU value than white thrombi. Moreover and importantly, this is the first study to successfully identify and report cut points (with high sensitivity and specificity) on all three CT images that indicate the presence of red thrombus. The reason for this variation in results is due to the different HU values of clot components including fibrin, platelets, RBC components, and cholesterol.
To be classified as red thrombi, the RBC component should comprise at least 20% of the clot volume, and the clot should have a platelet-rich fibrin outside coating. In contrast, white thrombi classification is assigned when the total volume of the clot is made up of at least 20% fibrin. Type of thrombus may predict the success rate of recanalization after mechanical thrombectomy. Successful recanalization was achieved more frequently after endovascular treatment in patients with high HU thrombi than in patients with low HU thrombi. [18, 19] Few studies have investigated association between thrombus characteristics and recanalization rate. [19, 20] Clot friction that caused resistance to thrombectomy was reported, especially in white thrombi. [21, 22] As a result, complications during manipulation of mechanical thrombectomy procedure-related devices may develop more often in cases with white thrombus than in those with red thrombus. However and in contrast to the preceding hypothesis, the present study found no significant association between clinical outcome and both type of thrombus or HU value. Thrombus type was found to be associated with increased risk of peri-procedural thrombus fragmentation. [23] The findings of this study support the predictive value of thrombus pathology by CT scan relative to treatment decision and risk management in patients with acute ischemic stroke. Although this study was unable to demonstrate a significant association between patient outcome and both HU value on CT image and thrombus type, thrombus density was reported to be associated with success of recanalization procedure in two previous studies. [19, 24] In a future study, we will investigate the effect of time to recanalization, thrombolysis in cerebral infarction grade and stage of collateral circulation [25, 26] on the result of mechanical thrombectomy in a larger study population.
Limitations
This study has some mentionable limitations. First and consistent with the retrospective nature of this study, some patient data were missing or incomplete. Second, the size of the study population was relatively small. As a result, our study may have lacked sufficient power to identify all significant differences and associations. Third, the patients enrolled in this study were from a single center. Fourth, our center is Thailand's largest tertiary referral hospital, which means that we are often referred patients with complicated and intransigent conditions. As such, it is possible that our findings may not be generalizable to patients with the same condition in other settings. Finally, the measured HU value in thrombin this study may not accurately represent the HU value in an entire thrombus due to difficulty measuring inhomogeneous components, hypodensity, and hyperdensity in each of the three types of CT images.
Conclusion
Thrombus density on CT was found to be a significant predictor of thrombus pathology; however, no significant association was observed between thrombus type or clot density and patient outcome after mechanical thrombectomy. These findings may improve decision-making relative to choice of treatment in patients with acute ischemic stroke.
